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Pore volume of Cumulative water injection is one of the factors for evaluating water ﬂood effect in a
water ﬂood oil ﬁeld. In previous study, there were limited lab studies for evaluating oil displace-
ment efﬁciency. A method to characterize the distribution of pore volume of cumulative water
injection is proposed in this paper, and it is veriﬁed by a ﬁve-spot water ﬂooding streamline
simulation model. The logarithmic relation between pore volume of cumulative water injection and
water saturation is established by regression. An inﬂection point and limit point of cumulative
water injection pore volume are identiﬁed. Current simulation model indicates inﬂection point
appears after 2e5 pore volume (PV) injection, and limit point appears after 15e25 PV injection.
Both inﬂection and limit point vary in different regions of reservoir.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For most water ﬂood oil ﬁelds, especially in the later stage of
water ﬂooding, the water displacement efﬁciency and economic
outcome of water ﬂooding decrease due to reservoir geological
and ﬂuid characters. For example, reservoir heterogeneity and
imbalance of injectioneproduction cause uneven water front;
viscosity difference between the oil and injected water result in
viscous ﬁngering towards producers. In addition, capillary
pressure and fracture may further complicate water ﬂood
behavior. Better understanding the relationship between cu-
mulative water injection and water saturation distribution at
high water cut stage is critical for accurate production prediction,
inﬁll drilling and production optimization. Many studies have
been done to help understand the behavior of later stage water
ﬂooding [1] and [2] et al.).troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bLiu and Wu [1] established a linear equation between water
saturation and cumulative water injection pore volume based on
Darcy's law. Based on BuckleyeLeverett equation [3], built a
logarithmic correlation between residual oil saturation and the
cumulative water injection pore volume [4]. developed an
analytical method to calculate the streamline distribution and
water cut of a producer in injectioneproduction patterns before
and after the water breakthrough [5]. Obtained water cut vari-
ation law with injected pore volume multiplied by physical ex-
periments of water displacing oil [2]. Proposed that the changes
of wettability and pore structure in a high water-cut stage would
improve watereoil displacement efﬁciency.
In the previous studies, only cumulative water injection pore
volume was considered, which is deﬁned as ratio of well cu-
mulative water injection to reservoir pore volume. It can not
characterize spatial distribution of the water ﬂood effect in
different region of a reservoir. In this paper, the method to
characterize the distribution of pore volume of cumulative water
injection by reservoir numerical simulation has been proposed
and the relationship between water saturation and cumulative
water injection pore volume has also been studied.
In this paper, the method and workﬂow is ﬁrst introduced. It
is followed by a streamline simulation study of a synthetic 2D
reservoir model. An empirical relationship and its implication
are discussed.ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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The cumulative water injection pore volume M is deﬁned as
the ratio of cumulativewater injection through each grid block to
the pore volume of that grid block in reservoir numerical
simulator.
M ¼Wf
Vp
(1)
whereM is the cumulative water injection pore volume, Vp is the
grid block pore volume, Wf is the cumulative water injection
through that grid block. In reservoir numerical simulator, in
three dimension space, cumulative water injection of grid block
(i, j, k) are the summation of water ﬂow rate Qwx, Qwy, Qwz at each
time step. Qwx, Qwy, Qwz are the water rate through the grid block
in each direction. In fact, for each grid block, in each direction,
there exist two water ﬂow rate (inﬂow rate and outﬂow rate),
which can be calculated by the following modiﬁed Darcies
equation (Fig. 1):
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where grid (iþ1, j, k), (i, jþ1, k), (i, j, kþ1) are the upstream of (i, j,
k) grid block and grid (iþ1, j, k), (i, jþ1, k), (i, j, kþ1) are the
downstream of (i, j, k). At each time step, the sum of Qwx,Qwy,Qwz
is the water ﬂow rate Qw. So the cumulative water injection can
be determined by the following equation:
Wf ¼
Xt
0
Qw (3)
In the process of reservoir numerical simulation, Qwx, Qwy,
Qwz at each time step can be recorded. Then using the equationFig. 1. Sketch of ﬂuid ﬂow in the grid.(3),Wf can be calculated. Vp is the grid block pore volume, which
is deﬁned by grid volume, porosity and grid net to gross in
reservoir condition. By using equation (1), M of every grid block
can be calculated.
3. A ﬁve-well simulation model
A synthetic 2D ﬂow simulation model is constructed for this
study. Following is a brief introduction of the static model As
shown in Table 1, the dimensions of themodel are approximately
1000  1000 m, The average thickness is 5 m, and the average
porosity is 20%. The model is represented with 100  100  1
gridblocks.
It is a ﬁve-spot water ﬂood pattern with one injector well in
the center and four producers around it, as shown in Fig. 2. Water
injection rate is assigned to be 200 m3/d rate, and the four oil
wells each produce 50 m3/d liquid.
After 500 days, cumulative water injection pore volume M of
each grid in the model can be calculated. In each grid block, the
cumulative water injection is calculated by equation (3), then
cumulative water ﬂood pore volume M can be calculated by
equation (1). In the grid block penetrated by a well,Wf should be
equal to the cumulative water production rate for producers and
be equal to the cumulative water injection rate for injector
respectively. Table 2 is the difference between them, and the
results show that the relative error is less than 1%. Therefore,
Equation (3) is practicable for the calculation the cumulative
water ﬂow rate.
In addition, cumulative inﬂow rate and outﬂow rate of each
grid block can also be calculated by equation (3). As a result,
there is little difference between cumulative inﬂow rate and
outﬂow rate in four arbitrary grid blocks shown in Table 3. For a
certain grid, with the grid block size become smaller, the dif-
ference between cumulative inﬂow rate and outﬂow rate will be
smaller too. Therefore cumulative inﬂow rate or outﬂow rate can
also be used in the actual calculation.
The distribution of M after 500 days is plotted as shown in
Fig. 3. It shows that M is high in the grid block around the in-
jection well, almost equal to 100, and in the grid block near the
producers, M is also high. In the region between injection well
and production wells, M is relatively low. Simultaneously, in the
region of main stream line between injector and producers
(Fig. 4), M is also high. FrontSim simulation result is shown in
Fig. 4. The distribution of streamline is similar with M. In the
region which the streamline is dense, M is high.
M values in nine grid blocks shown in Fig. 5 have been
analyzed. From grid ‘P1’ to grid ‘P9’, the grid block is gradually
close to the main stream direction between producer ‘prod-1’
and injector ‘inj-1’. The comparison of M in nine grid blocks is
shown in Table 3. From “P1” to “P9”, M gradually increase. M
value in “P9” is 35.2, which is almost 5 times of that in “P1”. The
grid is closer to the mainstream direction, the higher M is, and
vice versa. The reason is that ﬂuid always preferentially ﬂows
along mainstream direction, where the pressure gradient isTable 1
Reservoir simulation model input parameters.
Reservoir properties
Reservoir dimension 1000 m  1000 m
Thickness 5 m
Initial reservoir pressure 21 MPa
Porosity 20%
Fluid properties
Initial Viscosity 6.8 mpa s
Initial Compressibility 0.002 MPa1
Table 2
Comparison of calculated ﬂow rate and the actual ﬂow rate.
Well name Well type Calculated cum.
Water injection
rate (m3)
Cum. Water
production
rate/water
injection rate
(m3)
Relative
error (%)
INJ-1 Injection well 99,294 100,000 0.71
PROD-1 Production well 18,848 18,982 0.71
PROD-2 Production well 15,197 15,322 0.82
PROD-3 Production well 14,970 14,839 0.87
PROD-4 Production well 19,197 19,340 0.73
Table 3
Comparison of cum. water inﬂow and outﬂow rate through arbitrary grid.
Grid Inﬂow（m3） Outﬂow（m3） Difference（m3）
P1 652 626 26
P2 761 750 11
P3 353 342 11
P4 576 562 14
Table 4
Comparison of M in different grid blocks.
Grid P9 P8 P7 P6 P5 P4 P3 P2 P1
M(PV) 35.2 33.5 28.9 22.3 17.7 14.9 12.7 10.1 7.8
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controlled by the reservoir permeability distribution.4. The relationship between M and Sw
In a grid block, when water ﬂood through, mobile oil in the
block is displaced, which changes thewater saturation of the grid
block. Generally, with the increasing of cumulative water injec-
tion, water saturation increases. The ﬁve-spot ﬂow simulation
model is simulated for 20 years in order to establish the rela-
tionship between M and water saturation Sw. The relationship
between Sw andM of grid P5 is shown in Fig. 6. It shows that with
the increase ofM, Sw rises rapidly at ﬁrst; thenwhenM reaches a
certain value (2.5 P V in this case), the rise of Sw slow down. The
turning point is named as ‘inﬂection point’ cumulative water
injection pore volume, or simply inﬂection point in this paper. At
last, Sw almost doesn't change with the increase of M, this value
ofM is named as ‘limit point’ of cumulative water injection pore
volume, or limit point for brevity. In Fig. 6, when M reaches to
12 P V, water cannot displace the oil of grid block and water
ﬂooding with existing production strategy is no longer valid.
Inﬁll drilling, alternative EOR or abandonment decisions need to
be made.
The regression curve ofM and water saturation Sw in grid P5 is
also shown in Fig. 5. It can be ﬁtted as logarithmic curve:
Sw ¼ 0.0243lnMþ0.4573, logarithmic curve reﬂect the change of
Sw with the increment of M. Water saturation rises rapidly at
early stage, then rises slowly and ﬂat out at last. The logarithmic
type relationship between M and Sw is in agreement with the
experiment observation by Ref. [3].
A logarithmic curve is established to model the relationships
between M and Sw in other gird blocks shown in Table 4.Fig. 2. A ﬁve-well group simulaSw ¼ A lnM þ B (4)
Parameter A, B, ‘inﬂection point’ and ‘limit point’ cumulative
water injection pore volume in other grid blocks are shown in
Table 5. Parameter A and B have a little difference in different
grid blocks. Due to this, ‘inﬂection point’ and ‘limit point’ are also
different. Among the nine grid blocks, ‘inﬂection point’ ranges
from 2 to 5 PV and the ‘limit point’ is 15e25 P V. In the process of
water ﬂooding, due to various reasons such as reservoir het-
erogeneity, oil-water viscosity contrast, difference of injection-
production ratio in different region etc., parameter A and B are
different, and it leads to the difference of ‘inﬂection point’ and
‘limit point’ cumulative water ﬂood pore volume.
Understanding the inﬂection point and limit point are very
import for water ﬂooding forecasting and production optimiza-
tion. When M reaches to inﬂection point, it means that most of
oil in the grid block has been driven, only the small amount of oil
remains in it; (or injection water breaks through and reaches
producers, signiﬁcant water cut increase and reduction of water
displacement efﬁciency is expected); and whenM equals to limit
point, it means that mobile oil has been ﬂooded along ﬂow path.
Continue water ﬂooding with existing production strategy is no
longer valid. Decisions such as inﬁll drilling, alternative EOR or
abandonment need to be made.
In different region of a reservoir after many years water
ﬂooding, if relationship between M and Sw can be established,
then ‘inﬂection point’ and ‘limit point’ can be determined. Ac-
cording to this, at the regionwhereM is less that inﬂection point,
water injection rate should be increased, and at the regionwheretion model (oil saturation).
Fig. 3. Distribution of M (500 d).
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water injectors should be shut in.
The relationship between M and Sw can be used to guide
water ﬂooding at high water cut reservoir. For water ﬂooding
reservoir, after reservoir ﬂow simulationwork has been ﬁnished,
the distribution of M can be calculated, and the relationship
betweenM and Sw can be established. As a result, inﬂection point
and limit point in different regions of reservoir can also beFig. 4. Streamline distdetermined, which can be used to allocate injection volume and
production optimization.
5. Conclusions
(1) This paper proposes a method to characterize the distri-
bution of cumulative water injection pore volume based
on reservoir simulation.ribution (500 d).
Fig. 5. Location of nine arbitrary grid blocks.
Fig. 6. Relationship between Sw and M in grid block P5.
Table 5
Regression parameters of nine grids.
Grid A B Inﬂection point (PV) Limit point (PV)
P1 0.03 0.4354 5.0 20
P2 0.0291 0.4455 4.5 15
P3 0.0309 0.4472 3.0 15
P4 0.024 0.456 3.5 15
P5 0.0243 0.4573 2.5 12
P6 0.0238 0.4531 4.5 19
P7 0.0274 0.4392 6.7 23
P8 0.0317 0.4354 6.5 25
P9 0.0362 0.4181 4.6 20
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tion pore volume and water saturation is logarithmic
relation, which is consistent to the existing experiment
result.
(3) An inﬂection point and limit point exist in the relation
between Sw and M,.which are useful to optimize water
ﬂooding process and facilitate key operation decisions.
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